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Abstract
Comet P/2019 LD2 has orbital elements currently resembling those of a Jupiter Trojan, and
therefore superficially appears to represent a unique opportunity to study the volatile content and
active behavior of a member of this population for the first time. However, numerical integrations
show that it was previously a Centaur before reaching its current Jupiter Trojan-like orbit in
2018 July, and is expected to return to being a Centaur in 2028 February, before eventually
becoming a Jupiter-family comet in 2063 February. The case of P/2019 LD2 highlights the need
for mechanisms to quickly and reliably dynamically classify small solar system bodies discovered
in current and upcoming wide-field surveys.
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1. Background
Jupiter Trojans are small solar system bod-
ies that share Jupiter’s orbit around the Sun
and reside in one of two “clouds” associated
with the stable L4 and L5 Lagrange regions
located 60◦ ahead of and behind the planet
in its orbit (see Emery et al., 2015). Their
origins are currently uncertain, with potential
scenarios under debate including formation
near their current locations and capture by
Jupiter from source regions farther out in
the solar system (e.g., Marzari et al., 2002;
Morbidelli et al., 2005; Slyusarev & Belskaya,
2014; Pirani et al., 2019). Observational
studies have shown the population to consist
primarily of C-, P-, and D-type asteroids (cf.
Grav et al., 2012), where measurements of
low densities for some objects indicate that
they could be highly porous, volatile-rich,
or both (e.g., Marchis et al., 2006, 2014).
Meanwhile, thermal models have shown that
H2O ice could remain preserved on Jupiter
Trojans over the age of the solar system under
just ∼10 cm of dust at their poles to ∼10 m of
regolith elsewhere (Guilbert-Lepoutre, 2014).
Thus, cometary activity could be possible on
Trojans, perhaps triggered by impacts and
driven by hypervolatile species like CO or
CO2 (cf. Womack et al., 2017). No active
Trojans have been reported to date, however.
P/2019 LD2 was discovered on UT
2019 June 10 at a heliocentric distance
of R = 4.666 au by the 0.5-m Asteroid
Terrestrial-Impact Last Alert System tele-
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Figure 1: Osculating semimajor axis versus oscu-
lating eccentricity (top) and osculating inclination
(bottom) plots of all numbered Jupiter Trojans (as
of 2020 May 25), where objects in the L4 and L5
Trojans clouds are marked by small green and blue
dots, respectively, and P/2019 LD2 is marked by a
red star.
scope on Mauna Loa in Hawaii. Suspected
cometary activity in discovery images an-
alyzed by the ATLAS team was confirmed
by followup observations on 2019 June 11,
13, and 29 (Fitzsimmons et al., 2020; Sato
et al., 2020). The object currently has Jupiter
Trojan-like orbital elements (Figure 1), with a
semimajor axis of a = 5.3279 au, eccentricity
of e = 0.1407, and inclination of i = 11.517◦.
If P/2019 LD2 is in fact a Jupiter Trojan, it
would represent a unique opportunity to study
the volatile content and behavior of a member
of this population of objects for the first time
and to use the results of those investigations
to constrain models of solar system formation
and evolution.
Figure 2: Plot of the positions of all numbered
objects in Jupiter’s L4 Trojan cloud (green dots)
and L5 cloud (blue dots), Jupiter (red circle),
and P/2019 LD2 (red star) in heliocentric ecliptic
latitude and longitude space on UT 2019 June 10.
However, a heliocentric ecliptic latitude and
longitude plot of P/2019 LD2 and other Jupiter
Trojans at the time of the object’s discovery
(Figure 2) gives an indication that P/2019 LD2
might not be a true Jupiter Trojan, as it much
closer to Jupiter in ecliptic longitude (∼10◦)
than any other Jupiter Trojans (∼40◦-100◦) and
does not clearly belong to either the L4 or L5
clouds. Dynamical analyses reported in Sato
et al. (2020) suggest that P/2019 LD2’s orbital
elements are unstable, inconsistent with the
behavior expected of a true Jupiter Trojan,
while similar analyses disputing P/2019 LD2’s
classification as a Jupiter Trojan were reported
by Sam Deen and Tony Dunn in posts to the
Minor Planet Mailing List1 (MPML; an email
discussion list for the amateur and profes-
sional minor planet community) as well as by
Kareta et al. (2020). In this note, we present
numerical integration results confirming and
characterizing the non-Trojan-like dynamical
behavior of P/2019 LD2 and briefly discuss
1https://groups.io/g/mpml
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the implications of this object for current and
future surveys.
2. Experimental Design
To assess P/2019 LD2’s dynamical nature,
we generated 100 dynamical clones drawn
from the multivariate normal distribution for
the object (as of UT 2020 June 1), defined
by an orbital covariance matrix, provided by
the JPL Small Bodies Database2. Dynamical
clones are used here to assess the amount of
potential divergence due to chaos in P/2019
LD2’s predicted orbital evolution that could
occur due to the object’s orbital element
uncertainties. We also performed the same
procedure for six reference Jupiter Trojans:
(588) Achilles, (624) Hektor, and (659) Nestor
from Jupiter’s L4 Trojan cloud and (617) Pa-
troclus, (884) Priamus, and (1172) Aneas from
the L5 cloud. We then conducted backward
and forward numerical integrations for all
objects and their clones for 1000 years in each
direction, using the Bulirsch-Sto¨er integrator
in the Mercury N-body integration package
(Chambers, 1999). To study the long-term
stability of P/2019 LD2, we also conducted
forward integrations for 1 Myr for all test
particles. All integrations accounted for grav-
itational perturbations from the seven major
planets except for Mercury and used an initial
time step of 0.1 days. In all integrations, parti-
cles are removed when they reach a> 100 au.
Non-gravitational forces were not included.
3. Results and Analysis
Results from our backward and forward
1000-year integrations are plotted in Figure 3.
We can confirm the assessments reported in
Sato et al. (2020) and Kareta et al. (2020) that
2https://ssd.jpl.nasa.gov/sbdb.cgi
P/2019 LD2 is only temporarily in a Jupiter
Trojan-like orbit, where we find its overall
dynamical behavior to be that of an active
Centaur (e.g., Jewitt, 2009) transitioning into
a Jupiter-family comet (JFC). We find that
P/2019 LD2’s semimajor axis became Jupiter
Trojan-like (5.0 au < a < 5.4 au) in 2018
July and will remain in that range until 2028
February. The transitions into and out of
P/2019 LD2’s current orbit correspond to
close encounters with Jupiter for all P/2019
LD2-associated test particles (i.e., the object
itself as well as all of its dynamical clones) in
our integrations when the object passed within
0.09 au (or 0.25RH,Jup, where RH,Jup = 0.355 au
is Jupiter’s Hill radius) from Jupiter on 2017
February 20, and will pass within 0.12 au
(0.34RH,Jup) from Jupiter on 2028 May 12.
Immediately prior to reaching its current
Jupiter Trojan-like orbit in 2018 July, P/2019
LD2’s orbital elements (Figure 3) placed it in a
Centaur-like orbit. Here, we use the definition
from Jewitt (2009), where an object is consid-
ered a Centaur if aJ < q < aN , aJ < a < aN ,
and it is not in a 1:1 mean-motion resonance
with any planet, where aJ = 5.204 au and
aN = 30.047 au are the semimajor axes of
Jupiter and Neptune, respectively. P/2019
LD2 is expected to return to a Centaur-like
orbit in 2028 February and remain there until
2063 February, when a very close encounter
with Jupiter at ∼0.03 au (∼0.08RH,Jup) in 2063
January will lower both its semimajor axis and
perihelion distance to well below aJ, at which
point, the object will be considered a JFC.
For comparison, integrations of our reference
Trojans indicate that they remain on stable
orbits for the duration of both our backward
and forward 1000-yr integrations. While the
eccentricities of some of these objects drift
smoothly over time and a and q exhibit small
oscillations (Figure 3g,h,i), we see none of the
sharp orbital element changes exhibited by
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Figure 3: Plots of the backward (negative elapsed time) and forward (positive elapsed time) dynamical
evolution of P/2019 LD2 (left panels) and six reference Jupiter Trojans (right panels). Orbital parameters
plotted as functions of time, from top to bottom, are semimajor axis, perihelion distance, eccentricity,
inclination, Tisserand parameter (TJ), and distances of close encounters with Jupiter (green dots; shown
for P/2019 LD2 only) in terms of the planet’s Hill radius (RH,Jup). In panels (a) to (e), thick and thin
black lines mark the evolution of P/2019 LD2 itself and its dynamical clones, respectively. In panels (g)
to (l), thick lines mark the evolution of each reference Trojan, where the evolution of all dynamical clones
is effectively identical to their corresponding real objects. Vertical dashed lines in all panels mark the
present day. Horizontal dashed lines in panels (a), (b), (g), and (h) mark the semimajor axis of Jupiter,
while horizontal dashed lines at TJ = 3 in panels (e) and (k) mark the canonical dividing line between
dynamically asteroidal and dynamically cometary orbits.
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P/2019 LD2.
We find that the orbital evolution trajecto-
ries of P/2019 LD2 and all of its dynamical
clones in our integrations between 1851 and
2063 are nearly identical, suggesting that our
results likely reliably capture P/2019 LD2’s
true orbital evolution during this period. How-
ever, before and after this time period, which
is bracketed by close encounters with Jupiter
at distances of ∼0.5 au (1.4RH,Jup) in 1850
November and ∼0.03 au (∼0.08RH,Jup) in 2063
January, trajectories from our integrations for
P/2019 LD2 and its dynamical clones diverge
widely (Figure 3). This divergence is a result
of the chaotic nature of P/2019 LD2’s orbit, es-
pecially during close encounters with Jupiter,
and indicates that predictions about the ob-
ject’s dynamical behavior before 1851 or after
2063 should be regarded as highly uncertain.
Consideration of non-gravitational perturba-
tions due to cometary outgassing could intro-
duce even more uncertainty to our analysis of
P/2019 LD2’s orbital evolution, but given the
expected weakness of any cometary activity at
these large heliocentric distances, we expect
outgassing perturbations to be essentially
negligible compared to effects from the close
encounters with Jupiter discussed above.
In our 1 Myr forward integrations of its
nominal orbit, P/2019 LD2 reaches a> 100 au
(and is removed from the integrations) in
9.9× 105 yr (with many significant orbital
element changes during that time), while
all but three of its dynamical clones also
reach a> 100 au within 1 Myr with a median
lifetime of 1.1× 105 yr. This dynamical evo-
lutionary behavior is consistent with current
short-period comets (Hsieh & Haghighipour,
2016), and contrasts sharply with our six refer-
ence Trojans, all of which remain in effectively
the same orbits for the full 1 Myr integrations,
further highlighting the dynamical distinction
between P/2019 LD2 and true Jupiter Trojans.
4. Discussion
Despite the findings described above, it is
possible that P/2019 LD2 could have been a
true Jupiter Trojan in the past and was driven
onto its current orbit by non-gravitational
perturbations arising from its cometary ac-
tivity or other effects. Jupiter Trojans are
expected to occasionally escape from their
stable orbits due to chaotic diffusion or
collisions, and potentially contribute to other
populations such as Centaurs and JFCs (e.g.,
Horner et al., 2012; Di Sisto et al., 2019),
and cometary non-gravitational perturbations
could certainly accomplish similar effects
(Yeomans et al., 2004). Given the object’s
clearly un-Trojan-like recent orbital history,
however, we consider this to be an implausible
scenario. There is no reason that P/2019
LD2’s current transient resemblance to Jupiter
Trojans should suggest that it is necessarily
more likely than any other Centaur to have
been a Jupiter Trojan in the past. Nonetheless,
a future analysis of escape trajectories from
the Trojan clouds involving non-gravitational
perturbations due to cometary outgassing
could be useful for assessing the potential
contribution of active Jupiter Trojans to
the Centaur and JFC populations. In the
meantime, observational characterization of
P/2019 LD2’s surface to determine if it has
the ultrared colors of other Centaurs (Jewitt,
2018) or has C-, P-, or D-type colors similar
to other Jupiter Trojans would be very useful
for confirming the object’s true origin.
While P/2019 LD2 is not a true Jupiter Tro-
jan, its discovery is nonetheless instructive.
Current surveys like ATLAS will continue to
discover active objects, some of which may
belong to populations not previously known to
exhibit activity, and upcoming surveys like the
Vera C. Rubin Observatory’s Legacy Survey
of Space and Time (LSST) promise to dis-
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cover even more (Schwamb et al., 2018). The
temporary capture of objects onto Trojan-like
orbits is not expected to be frequent, but also
not exceedingly rare (e.g., Karlsson, 2004;
Horner & Evans, 2006), where we note that
temporary satellite captures could also be
found to have nominally Trojan-like orbital
elements (e.g., Tancredi et al., 1990; Benner
& McKinnon, 1995; Ohtsuka et al., 2008). As
such, more cases like P/2019 LD2 should be
expected in the future.
Computationally scalable approaches for
accurately dynamically classifying objects of
interest discovered by wide-field surveys in a
timely manner will be needed for both large-
scale population studies and investigations
of individual targets, especially as discovery
rates increase (cf. Hsieh et al., 2019; Schwamb
et al., 2019). To identify true Jupiter Trojans,
possible approaches include using Lyapunov
Characteristic Exponent (LCE) values or
proper orbital elements to ensure that a given
object is in a stable 1:1 mean-motion reso-
nance with Jupiter (e.g., Melita et al., 2008;
Holt et al., 2020). Both proper orbital elements
and LCE values are currently provided by
the AstDyS-2 website3 for all numbered and
multi-opposition Jupiter Trojans, and prepa-
rations are being made to continue doing so
in the LSST era (Hsieh et al., 2019), although
their computation typically requires relatively
high-quality orbits. For newly discovered
objects of high interest that have lower-quality
orbits, it may be useful to develop mechanisms
for performing more rapid preliminary dy-
namical analyses using N-body integrations as
was done in this work (perhaps also allowing
for cometary non-gravitational perturbations).
While recent sharp decreases in P/2019
LD2’s semimajor axis and perihelion distance
are perhaps the most plausible trigger of its
3https://newton.spacedys.com/astdys/
current activity (Kareta et al., 2020; Ferna´ndez
et al., 2018), tidal disruption or resurfacing
(e.g., Binzel et al., 2010; Hyodo et al., 2016)
from the object’s close encounter with Jupiter
in 2017 could also have contributed to mak-
ing cometary activity more likely by disrupting
surface material and excavating buried surface
ice. In this regard, systematic N-body integra-
tion analyses could also be useful for identify-
ing small bodies that have experienced recent
close planetary encounters so that they can be
monitored for possible cometary activity.
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